Real-time quantitative PCR (QPCR) has been proven to be a powerful tool for quantifying specific target DNA sequences. Compared to relative quantification, absolute quantification has the advantage of determining the absolute copy number of a given target, such as pathogen or plasmid DNA in vivo. However, matrix or impurities remaining in a DNA sample after various sample treatment procedures may influence a subsequent DNA analysis. In this work, we have compared methods of sample processing and validated the use of tissue genomic DNA as a universal external standard to facilitate quantification of plasmid DNA in biological matrix, especially addressing the amplification inhibition due to matrix effect and sample complexity. Also, we applied our high-throughput sample preparation and absolute quantification method to determine the distribution of an HIV plasmid DNA vaccine in vivo. Successful application showed the validity and reliability of the method in absolute quantification of a particular gene in vivo.
Introduction
Real-time PCR represents an innovative evolution of conventional PCR that has emerged as a major analytical platform in molecular biology. Incorporation of fluorescencebased detection systems into real-time PCR instruments not only allows kinetic detection of the accumulation of PCR products over the cycling period, but also provides greater sensitivity for amplicon detection as compared to conventional gel-based detection. Major uses of real-time PCR include analysis of differential mRNA expression, 1,2 SNP detection, 3 cancer marker quantification, 4, 5 biodistribution of pathogen, [6] [7] [8] and plasmid DNA vaccine. 9, 10 Absolute quantification to measure the copy number of a particular target present in cells or tissue remains technically difficult due to the lack of methodology that can comprehensively account for all the variation that can occur during sample preparation. However, the quantity of target sequence in samples can be assessed with reasonable accuracy using a proper external standard. A variety of materials have been used as external standards, including plasmid DNA containing the target sequence, 11 PCR-amplified target sequences 1 and commercially prepared DNA. 12 In addition, the sample matrix, especially in vivo, in the PCR system is so complicated that careful sample handling is important, and the amplification inhibition of real-time PCR due to matrix effects and sample complexity must be addressed.
In this study, we present a simple, universal, and highthroughput method to determine the plasmid copy number (PCN) in vivo using standard curves generated using known quantities of tissue genomic DNA (gDNA). There are several key technical issues to consider when applying quantitative PCR (QPCR) to quantification of a plasmid within a biological sample. First, a robust and high-throughput sample preparation method is crucial. In this study, three DNA extraction methods and their applicability to the QPCR method were compared. No comparison of these methods as far as their reproducibility and their ability to eliminate inhibitor elements has been reported to date. Secondly, the inhibitory effect of gDNA on real-time PCR must be addressed, and a universal reference must be established for absolute quantification across tissue types. An inhibitory effect of the gDNA matrix on amplification efficiency in realtime PCR had been mentioned in previous studies 6, 7, 13 but was finally fully validated in the present study.
Experimental

Construction of standard curves for PCN determination
HIV plasmid DNA vaccine (pUMVC3-HIV-Gag) was provided by the Department of Microbiology and Immunology, Stritch School of Medicine, Loyola University Chicago Medical Center. The concentration of the plasmid was measured using a fluorometer and the corresponding copy number was calculated using Eq. (1) A ten-fold serial dilution series of the pUMVC3-HIV-Gag, ranging from 1 ¥ 10 2 to 1 ¥ 10 7 copies/ml, was used to construct the standard curves. Threshold cycle (Ct) values in each dilution were measured in duplicate and were plotted against the logarithm of their initial template copy numbers. Each standard curve was generated by a linear regression of the plotted points. From the slope of each standard curve, PCR amplification efficiency (E) was calculated according to the Eq. (2): 14
DNA extraction procedures Three different DNA extraction and purification methods were compared to investigate their robustness and applicability to QPCR. Frozen mice tissues were homogenized and divided into aliquots of about 20 mg, and total DNA was purified from an aliquot of the homogenate by boiling, 16 phenol-chloroform extraction 17 and DNA isolation kit. Briefly, for the boiling method, cell suspensions of different tissues were washed by PBS three times and suspended in 100 ml sterile ddH2O. The cell suspension was boiled for 10 min, and then centrifuged at 12000 rpm for 5 min. The supernatant was stored at -20˚C. For phenol-chloroform extraction, the homogenate aliquot was digested with 20 ml proteinase K at 56˚C overnight and was extracted with phenol-chloroform method;
17 gDNA was finally resuspended in 100 ml sterile ddH2O. DNA was also extracted using the Genomic-Prep Blood, Cell, and Tissue DNA Isolation Kit (TIANGEN Corp., Beijing) according to the manufacturer's instructions in a final elution volume of 100 ml in sterile ddH2O.
Real-time PCR amplification of pUMVC3-HIV-Gag
Real-time PCR was performed using the MJ Opticon 2 Chromo 4 (BioRad) in 96-well plates. Primers for HIV-1 Gag sequence (GenBank Accession No. K03455) were chosen according to the specificity and maximal Rn value. The forward primer (5¢ TCAGGGAGTGGGAGGA 3¢) and the reverse primer (5¢ GTTGGCTCTGGTCTGC 3¢) amplified a 318 bp product. Each PCR reaction contained 10 ml SYBR Green PCR mixture (Finnzymes Oy Corp., Finland), 0.15 mM each primer, proper template pUMVC3-HIV-Gag DNA, and sterile water to bring the total volume to 20 ml. After a 10 min preincubation at 94˚C, DNA was amplified by 38 cycles of denaturation at 94˚C for 30 s, annealing at 52˚C for 30 s and extension at 72˚C for 10 s. Melting curves were made and agarose gel electrophoresis was used to verify the amplification product specificity and size, respectively.
Effect of gDNA matrix on real-time PCR
Different amounts of mouse gDNA input (varying from 10 to 1700 ng) extracted from blood, liver, and stomach tissue in the same volume were spiked with 10 4 copies of pUMVC3-HIVGag for QPCR analysis to monitor the PCR inhibition due to the presence of the gDNA matrix.
A serial dilution of pUMVC3-HIV-Gag, ranging from 1 ¥ 10 2 to 1 ¥ 10 7 copies/ml, was used to construct the standard curves in the presence of different gDNA inputs (0 ng, 25 ng, 100 ng, 500 ng, 1 mg). The standard curves were assessed for two properties: the coefficient of correlation (R 2 ), and the E determined from the slope of the standard curves. The PCR reaction contained 10 ml SYBR Green PCR mixture, 0.15 mM each primer, pUMVC3-HIV-Gag (10 7 -10 2 copies), gDNA (25 ng, 100 ng, 500 ng, and 1 mg), and sterile water (20 ml total volume). The real-time PCR protocol for pUMVC3-HIV-Gag was as described above.
In the above experiment, the Ct values of b-actin were simultaneously determined to investigate the effect of matrix inhibition on them. The forward primer (5¢ GGCTGTATTCCCCTCCATCG 3¢) and the reverse primer (5¢ CCAGTTGGTAACAATGCCATGT 3¢) amplified a 154 bp product within the b-actin gene. Real-time PCR reaction for bactin was initiated at 94˚C for 10 min, followed by 38 three-step amplification cycles consisting of 30 s denaturation at 94˚C, 30 s annealing at 56˚C, and 30 s extension at 72˚C. Also, melting curve analysis was performed to confirm the specificity of the amplification.
Validation of the method of absolute quantification in tissues
Mouse gDNA extracted from heart, liver, spleen, lung, kidney, blood, brain, gonad, and stomach was spiked with known amounts (10 7 -10 copies) of pUMVC3-HIV-Gag to validate the robustness of the methodology of quantitative PCR across diverse tissue types. Standards were run in duplicate and in parallel with blank control samples (water only and no gDNA controls) in each assay run and in five separate days to investigate the linearity, lower limit of quantification (LLOQ), R 2 , and robustness. The PCR reaction contained 10 ml SYBR Green PCR mixture, 0.15 mM each primer, pUMVC3-HIV-Gag (10 7 -10 copies), 100 ng gDNA, and sterile water (20 ml total volume). PCR reaction parameters for pUMVC3-HIV-Gag were as described above. To investigate the feasibility of using 100 ng gDNA as a normalizer across different tissue types, we simultaneously determined the Ct values of b-actin in 100 ng gDNA from diverse tissues by real-time PCR as mentioned above. The coefficient of variation (CV) was calculated according to the Eq. (3) to prove the reliability and reproducibility.
Application of absolute quantification on biodistribution of plasmid DNA Distribution of the vaccines was determined by measuring PCN in various tissues by QPCR after immunization of the plasmid DNA by two delivery routes: i.v. and i.g. administration.
Mice were sacrificed at 10 min, 30 min, 2 h, 1 d, 3 d, and 7 d following a single dose of 10 12 copies pUMVC3-HIV-Gag/ mouse (n = 5 animals per time-point, 3 male and 2 female) by i.v. or i.g. administration. In the control group, mice were immunized by 100 ml PBS via both the two delivery routes, and 3 mice were sacrificed at each of the same time points.
Diverse tissue samples were obtained by sequential dissection, including blood, stomach, small intestine, lung, spleen, kidney, liver, and heart. To avoid cross-contamination from the blood and the contents in the gut, tissues were washed by sterile PBS 3 times and the scissors and tweezers were washed and sterilized between each dissection step. Tissues were weighed and stored at -80˚C for subsequent analysis.
The gDNA from the different tissues was extracted from an aliquot of tissue homogenate by DNA isolation kit. Distribution of plasmid pUMVC3-HIV-Gag was determined by performing the PCR reaction using 100 ng of extracted mouse gDNA. The real-time PCR reaction for each gene of interest contained 10 ml SYBR Green PCR mixture, 0.15 mM each primer, 100 ng gDNA, and sterile water (20 ml total volume). Standard curves in the same background (100 ng gDNA from the same tissue as the samples) were constructed in parallel with the samples to normalize the probable PCR inhibition. The biodistribution of the PCN in different tissues was calculated by the standard curves of the samples containing known amounts of plasmid (expressed as PCN/100 ng gDNA) in the same PCR 96-well plate.
Results and Discussion
Linearity, limit of quantification, slope of the standard curves, and specificity
The standard curves for plasmid pUMVC3-HIV-Gag, ranging from 10 2 to 10 7 copies/ml, are shown in Fig. 1A . Curves were linear in the range tested (R 2 > 0.999) by the triplicate reactions. The slope of the standard curves was -3.50, which showed a high amplification efficiency of 93%.
The specificity of the reaction was determined by the melting temperature (Tm) of the obtained amplicon and by gel electrophoresis (Fig. 1B) . Melting curve analysis showed a melting temperature of 80 ± 0.2˚C and 318 bp expected product in gel electrophoresis, verifying that only the desired product was amplified in the spiked controls and samples.
DNA extraction methods
Three methods of gDNA preparation were compared for extraction efficiency and method robustness ( Table 1 ). The average time consumed for extraction of gDNA using the three methods (phenol-chloroform, kit, and boiling) was 6, 2, and 1 h, respectively, and the purity of the extracted gDNA (A260/280) was 1.7 -1.9, 1.7 -1.9 and 1.3 -1.5, respectively. Additionally, the DNA yield from the same aliquot of tissue homogenate varied with the extraction method. The reproducibility values (shown as average CV) of the three methods were 4.5% for phenolchloroform, 3.9% for boiling, and 1.4% for kit extraction.
The sample preparation method must be also suitable for multiple tissues. Boiling and phenol-chloroform extraction methods have been applied in other studies. 16, 17 However, fewer tissues were involved in those studies, and no inhibition from the gDNA matrix was considered. In this study, three methods of DNA preparation were compared for extraction efficiency and method applicability.
Our results showed that the reproducibility of the boiling and kit extraction methods was better than that of the phenol-chloroform extraction method. Boiling was the most rapid method; however, yields varied greatly among tissues. The kit extraction method was chosen for our study, given its merits and adaptability to a large scale.
PCR inhibition caused by gDNA matrix
Inhibition of PCR caused by the gDNA matrix occurred in reactions using DNA from all three extraction methods. As shown in Table 1 , 10 4 copies plasmid standard spiked into nonstandardized gDNA extracts from liver, blood, and stomach tissues resulted in different fluorescence intensities in the QPCR reaction. In contrast, the same number of plasmid copies spiked into a standard quantity of 100 ng gDNA gave almost the same Fig. 1 Construction of the standard curves for absolute quantification of plasmid pUMVC3-HIV-Gag (A) and the specificity of the product (B). In part A, serial 10-fold dilutions of the plasmid (n = 3 for each point), ranging from 10 2 to 10 7 copies/ml, showed linearity (R 2 > 0.999) and gave an amplification efficiency of 93%. In part B, the melting temperatures were 83.8 ± 0.2˚C and gel electrophoresis of the PCR products was performed on 1% agarose gel which showed the 318 bp expected product. Lane 1 to 6: 10 2 -10 7 copies of plasmid template. fluorescence signal despite the different extraction methods and different tissues. Results showed that inhibition of the PCR reaction was related to the amount of the gDNA input, and that the presence of background gDNA (>100 ng) could affect the amplification efficiency significantly. Therefore, 100 ng of gDNA was chosen as the normalizer in all further studies.
To further investigate the effect of the gDNA matrix on the amplification efficiency, we generated standard curves of plasmid pUMVC3-HIV-Gag (ranging from 10 2 to 10 7 copies/ml) in the presence of increasing quantities of gDNA from liver tissue ( Table 2) . Variation of gDNA concentration affected the linearity and amplification efficiency of the standard curves. However, the amplification of b-actin seemed to be influenced only slightly by gDNA itself, instead, the Ct values reflected the gDNA input proportionally. These results demonstrated that good amplification could be achieved in a background of 100 ng gDNA.
In our results, the amplification efficiency of plasmid pUMVC3-HIV-Gag and b-actin were influenced differently by the gDNA input, which showed that the house-keeping gene was not suitable as normalizer in such a distribution study. In contrast, gDNA is more suitable as a universal external reference, considering its consistency among tissues.
Other studies also suggested that the bulk amount of background nucleic acid and the structural nature of the gDNA may be reasons for the inhibition of real-time PCR amplification. 18 Our results suggest that the amount of gDNA input is a major determinant. In our hands, when the amount of total DNA per reaction was above a certain threshold, PCR amplification was dramatically inhibited. This threshold for the different tissues tested ranged from 500 ng to more than 1 mg. Under the threshold, lower Ct values were attainable; therefore higher sensitivity could be obtained. However, below a certain lower limit of total DNA concentration, false-negative results can arise. In the present study, 100 ng total DNA gave good sensitivity and minimized false-negative reactions, and was determined to be the ideal concentration for all PCR reactions.
Validation of the method of absolute quantification in tissues
To verify the robustness and feasibility of the method of PCN absolute quantification across multiple tissues in vivo, we made serial 10-fold dilutions of pUMVC3-HIV-Gag standards equivalent to 10 7 to 10 copies in a background of 100 ng gDNA derived from nine different tissues (lung, liver, brain, spleen, kidney, gonad, stomach, heart, and blood). The slopes of standard curves generated in these experiments were between -2.98 and -3.53 (E = 100 ± 20%), and the R 2 values were above 0.95 (Fig. 2, Table 3 ).
To confirm the validity of using 100 ng gDNA as a "normalizer" in methods of absolute quantification, we also studied the amplification of the b-actin gene within a background of 100 ng gDNA from each tissue. The CV values calculated in experiments involving the same tissue were below 5.1%, verifying the applicability of 100 ng gDNA as a "normalizer". The CV values of the absolute quantification varied from 1.1 to 8.1%, demonstrating an elimination of the matrix inhibition caused by the diversity of the tissues.
Previous studies performed real-time PCR in a background of mg gDNA, and likely ignored or were unaware of the inhibition due to the gDNA matrix. 8, 19 Other studies found that this inhibition did exist and affected quantification using real-time Standard curves of plasmid pUMVC3-HIV-Gag (ranging from 10 2 to 10 7 copies/ml) were generated in the presence of increasing quantities of gDNA from liver tissue. a. N/A, not available due to undetectability or poor correlation. b. The Ct of b-actin in the presence of increasing quantities of gDNA, expressed as the mean ± sd (n = 5). 0 ng 25 ng 100 ng 500 ng 1 mg Fig. 2 Applicability of the method of absolute quantification. Standard curves were constructed using 10 7 to 10 copies of pUMVC3-HIV-Gag in 100 ng gDNA from multiple tissues including lung, liver, brain, spleen, kidney, gonad, stomach, heart, and blood. Standard curves were constructed using 10 7 to 10 copies of pUMVC3-HIV-Gag in 100 ng gDNA from multiple tissues. a. Ct (mean ± sd), the ampli cation of b-actin in 100 ng gDNA from each tissue (n = 5). b. Average CV (n = 5).
PCR. 6, 7 Two methods have been used to address this issue. In one approach, a series of PCR reactions are performed using a range of template gDNA (30 to 300 ng) per PCR reaction. However, false-negative results are occasionally obtained from lower template concentrations with low copy numbers. 13 In another approach, 6 the one employed in this study, similar concentrations of gDNA are used in each PCR reaction (in our hands, 100 ng per reaction) by making different dilution ratios. Experiments showed that the standard curves generated in 100 ng gDNA extracted from different tissues could assure that the amplification efficiency was the same in both standard curves and samples, which would achieve accurate quantification of the PCN in vivo.
Application of the QPCR method to a biodistribution study of HIV vaccine after intravenous administration
No vaccine plasmids were detected in any control mice after i.v. and i.g. administration of PBS. Different distribution profiles were shown for the two delivery routes of naked plasmid DNA vaccine. PCN was undetectable after 1 week in every immunization group.
Following i.v. administration, abundant PCN were detected in major organs and tissues (blood, heart, liver, spleen, lung and kidney) from 10 min to 2 h (Figs. 3A -3C) , with the peak amount detected at 10 min post-injection. A dramatically attenuation in PCN was observed at the time point of day 1 (Fig. 3D) . At the time points of day 3 (Fig. 3E ) and day 7 (data not shown), the PCN decreased remarkably, and only trace PCN in the tissues of heart and liver could be detected occasionally at day 7. There was no detectable PCN in stomach and small intestine at any time point.
In contrast, PCN in the i.g. administration group behaved relatively low; however, persistent distributions in abovementioned organs and tissues, in which PCN in blood were able to be detected at least 30 min after administration (Fig. 3B) , the peak emerged at day 1 (Fig. 3D) , and the detectable level lasted to day 3. Further, compared with that of i.v. group, there existed high abundance of the plasmid DNA in the gut-associated tissues, in which relatively high PCN was detected. The PCN reached the peak at 10 min post i.g. (Fig. 3A) and decreased to undetectable level after day 3 (Fig. 3E) . Generally, naked plasmid DNA would be degraded rapidly in the blood from several minutes to 90 min following i.v. and i.m. administration and the kidney was the major organ for plasmid DNA excretion, 20, 21 which was basically consistent with the results in the naked plasmid DNA vaccine immunization group via i.v. routes in our study. However, administration via i.g. route led to an attenuated distribution in major organs, such as heart, liver, spleen, and lung, and a persistent distribution in gutassociated tissue, indicating that it could enhance the mucosarelated immunization and reduce stress associated with systemic vaccination in vitals at the same time.
Conclusions
In summary, there are advantages using gDNA as an external standard for quantitative real-time PCR. With all these advantages, we anticipate that the use of gDNA as external standard will contribute significantly to the accurate quantification of copy number using quantitative real-time PCR. In addition, the PCN quantification methods described here could be implemented in a large-scale, high-throughput biodistribution study of a nucleic acid. 
